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(57) ABSTRACT 
The invention provides a processor With tWo or more 
parallel instruction paths for processing instructions. The 
instruction paths may be implemented With a plurality of 
cores on a common die. Instructions of the invention are 

preferably processed Within a bundle of tWo or more instruc 
tions of a common program thread; and each of the instruc 
tion paths preferably forms a cluster to process bundled 
instructions. Each of the instruction paths has an array of 
pipelined execution units. Initially, tWo or more of the 
parallel instruction paths processes the same program thread 
(one or more bundles) through the execution units, but With 
different optimization characteristics set for each path. 
Assessment logic monitors the processing of the initial 
program thread through the execution units and selects the 
heuristics de?ning Which path is in the lead. The other 
instruction paths are then reallocated, or synchronized, With 
the optimization characteristics of the lead instruction path, 
or With similarly optimized characteristics, to process other 
bundles of the program thread; preferably, the lead path 
continues processing of the initial thread Without being 
disturbed. For other program threads, the process may repeat 
in processing like bundles through multiple instruction paths 
to identify the preferred heuristics; and then synchronizing 
the multiple instruction paths to the optimized characteris 
tics to improve per thread performance. 
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CORE PARALLEL EXECUTION WITH 
DIFFERENT OPTIMIZATION CHARACTERISTICS 
TO DECREASE DYNAMIC EXECUTION PATH 

BACKGROUND OF THE INVENTION 

[0001] Parallel execution of instructions through execu 
tion units, or pipelines, is known in the art to bene?t EPIC 
processors. Certain of these processors utiliZe redundant 
processing cores on a common die. It is also knoWn in the 
art to group execution units as a “cluster” to process instruc 
tions as a “bundle.” One such bundle has three instructions; 
each cluster operates to process one bundle, or more, of 
instructions. 

[0002] Certain EPIC processors utiliZe heuristics to sug 
gest an ansWer to a program inquiry. By Way of example, a 
processor’s internal logic and softWare may monitor pro 
gram cache misses during runtime activity and then apply a 
heuristic to correctly set prefetch hints. 

[0003] VLSI designers and softWare engineers expend 
signi?cant efforts optimiZing hardWare and softWare designs 
of EPIC processors, and their guiding heuristics, in order to 
accelerate the processing of instructions and/or bundled 
instructions through the pipelines. Further advancements are 
sought to provide faster and more stable processors. 

[0004] The invention seeks to advance the state of the art 
in processing architectures by providing methods and sys 
tems for processing instructions through execution units. 
One feature of the invention is to provide a processor With 
dual cores for optimiZing the processing of bundled instruc 
tions. Several other features of the invention are apparent 
Within the description that folloWs. 

SUMMARY OF THE INVENTION 

[0005] The folloWing patents provide useful background 
to the invention and are incorporated herein by reference: 
US. Pat. No. 6,188,633; US. Pat. No. 6,105,123; US. Pat. 
No. 5,857,104; US. Pat. No. 5,809,275; US. Pat. No. 
5,778,219; US. Pat. No. 5,761,490; US. Pat. No. 5,721,865; 
and US. Pat. No. 5,513,363. 

[0006] As used herein, an instruction is a “producer” When 
that instruction produces data to be Written to a register and 
that data is available for bypassing or data forWarding. An 
instruction is a “consumer” When that instruction utiliZes the 
bypass data. 

[0007] In one aspect, the invention provides a processor 
With tWo or more parallel instruction paths for processing 
instructions. By Way of example, the instruction paths may 
be implemented With a plurality of cores on a common die. 
Instructions of the invention are preferably processed Within 
a bundle of tWo or more instructions of a common program 

thread; and each of the instruction paths preferably forms a 
cluster to process bundled instructions. Each of the instruc 
tion paths has an array of pipelined execution units. Initially, 
tWo or more of the parallel instruction paths processes the 
same program thread (one or more bundles) through the 
execution units, but With different optimiZation characteris 
tics set for each path. Assessment logic monitors the pro 
cessing of the initial program thread through the execution 
units and selects the heuristics de?ning Which path is in the 
lead. The other instruction paths are then reallocated, or 
synchroniZed, With the optimiZation characteristics of the 
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lead instruction path, or With similarly optimiZed character 
istics, to process other bundles of the program thread; 
preferably, the lead path continues processing of the initial 
thread Without being disturbed. For other program threads, 
the process may repeat in processing like bundles through 
multiple instruction paths to identify the preferred heuristics; 
and then synchroniZing the multiple instruction paths to the 
optimiZed characteristics to improve performance. 
[0008] Once allocated With optimiZed characteristics, each 
instruction path processes program threads to architected 
states With enhanced performance. The processor improves 
performance over the prior art by reallocating optimiZation 
characteristics of parallel execution units according to the 
preferred heuristics identi?ed by pre-processing like bundles 
through the execution units. Effectively, lesser performing 
optimiZation characteristics are removed from the execution 
units for a given thread. 

[0009] The assessment logic of one aspect includes 
dynamic hardWare logic, preferably incorporated on the die 
With the parallel cores de?ning the instruction paths. The 
assessment logic may further include dynamic softWare. By 
Way of example, the dynamic hardWare logic and softWare 
may utiliZe one or both of CPU-bound heuristics and 
memory-bound heuristics to process the instructions through 
the pipelines. Memory-bound heuristics may for example 
include one or more of load and store routines, cache 
referencing, and latency to consumer requests. By Way of 
example, load and store operations may be handled accord 
ing to set heuristics. 

[0010] Branch prediction—knoWn to those skilled in the 
art—may also be incorporated With one aspect of the inven 
tion to improve processor performance. For example, by 
executing tWo identical bundles of a program thread through 
parallel processing clusters, but With unique optimiZation 
characteristics With each cluster, then a branch prediction 
heuristic may produce a better or faster result in one of the 
clusters as compared to the other. Accordingly, by reallo 
cating both clusters With the optimiZed branch prediction 
characteristics, other bundles for that thread may ef?ciently 
process through the clusters With improved performance. 
[0011] Prefetching is also knoWn to those skilled in the art 
and may de?ne other heuristics for use With the invention to 
improve processor performance. For example, by executing 
tWo identical bundles of a program thread through parallel 
processing clusters, but With different optimiZation charac 
teristics Within the clusters, then a prefetching heuristic may 
produce a better or faster result in one of the clusters as 
compared to the other. Accordingly, by reallocating both 
clusters With the optimiZed prefetch characteristics, other 
bundles for that thread may ef?ciently process through the 
clusters With improved performance. 
[0012] The invention provides certain advantages, particu 
larly in boosting single thread performance of a central 
processing unit (CPU). Speci?cally, in accord With the 
invention more instructions per cycle may be processed 
through the CPU for a given program because representative 
instructions from that program are speculatively processed, 
through multiple instruction paths, to de?ne optimiZed pro 
cessing characteristics. Future architected states for a pro 
gram thread are then preferably processed across all instruc 
tion paths With the optimiZed characteristics. 
[0013] In one aspect, a con?guration mode selects heuris 
tics for an instruction path, for example to de?ne a prefetch 
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ing algorithm. A plurality of instruction paths simulta 
neously process the same instruction bundles, but each With 
different optimiZation characteristics. Assessment logic 
monitors processing of the bundles and elects the fastest 
instruction path; it records the optimiZed heuristics and the 
other instruction paths are resynchroniZed With optimiZation 
characteristics of, or similar to, the lead instruction path to 
provide dynamic optimiZation for program threads. In one 
aspect, a hardWare compiler dispatches program threads 
through the parallel instruction paths until the assessment 
logic determines the optimiZed characteristics for other 
paths; at that point, the hardWare compiler dispatches pro 
gram threads through the instruction paths, and Without 
redundancy, to process the program. The assessment logic 
asymptotically approaches the “ideal” optimiZation charac 
teristics With a longer time period for analyZing the process 
ing of like instructions through various heuristics associated 
With the multiple instruction paths. 

[0014] The invention is next described further in connec 
tion With preferred embodiments, and it Will become appar 
ent that various additions, subtractions, and modi?cations 
can be made by those skilled in the art Without departing 
from the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] A more complete understanding of the invention 
may be obtained by reference to the draWings, in Which: 

[0016] FIG. 1 schematically illustrates a processing unit 
of the invention for processing instructions through multiple 
instruction paths; 

[0017] FIG. 2 shoWs a ?oWchart illustrating the optimiZ 
ing of parallel instruction paths With heuristics de?ned by 
preprocessing of like instructions, in accord With the inven 
tion; and 

[0018] FIG. 3 illustrates a chart of enhanced performance 
of execution dynamic path length, over time, in accord With 
preferred optimiZation of execution units in accord With the 
invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 shoWs a processor architecture 10 of the 
invention. Architecture 10 has an array of execution paths 
12(1), 12(2) . . . 12(N) that process instructions, respectively, 
through execution units 14(1), 14(2) . . . 14(N). Execution 
units 14 include an array of pipeline execution units 16, 
knoWn to those skilled in the art, to process instructions in 
individual stages, such as the fetch stage F, the register read 
stage R, the execute stage E, the detect exception stage D, 
and the Write-back stage W. Each instruction path 12 may be 
implemented as a programming core Within a EPIC proces 
sor, and on a common die; the invention of one embodiment 
forms tWo parallel clusters With only paths 12(1) and 12(2) 
on a die. 

[0020] Processor 10 receives instructions from a main 
memory system instruction bus 20 and caches them in 
instruction caches 22(1), 22(2) . . . 22(N). For each path 12, 
fetching logic, illustratively shoWn as fetch heuristics 24, 
fetches and prefetches instructions from its cache 22 accord 
ing to one or more characteristics de?ning the heuristics for 
such operations. 
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[0021] In the preferred embodiment, instructions are 
bundled Within instruction cache 22 and then issued by an 
instruction issue section 26. In this embodiment, each 
instruction path 12 may be implemented as a cluster to 
process the bundled instructions; these clusters may also be 
formed as multiple programming cores on a common die. 

[0022] For each path 12, the processing of instructions 
through execution units 14 is bound by execution heuristics 
28. By Way of example, speculative operations such as 
branch predictions, and/or other boundary heuristics (e.g., 
memory- or CPU-bound heuristics) are set according to 
execution heuristics 28. For each path 12, therefore, the 
execution of instructions through pipelines 16 progresses 
according to one or more characteristics de?ning the heu 
ristics 28 for such operations. 

[0023] A data cache 30 may be included for each instruc 
tion path 12; cache 30 may for example be used to store 
speculative transactions. Cache utiliZation is also preferably 
bound by cache heuristics 32. By Way of example, control of 
cache misses may be set according to one or more charac 
teristics de?ning the heuristics 32 for such operations. 

[0024] Processor 10 also includes assessment and com 
piler logic 50. Logic 50 connects With each of heuristics 24, 
28, 32, as shoWn. In operation, the assessment part of logic 
50 monitors instruction processing Within each instruction 
path 12; and the compiler part of logic 50 modi?es charac 
teristics set Within heuristics 24, 28 and 32 to enhance 
processor performance in accord With the teachings herein. 
Those skilled in the art appreciate that logic 50 may alter 
natively connect With one or tWo of heuristics 24, 28, 32 
Without departing from the scope of the invention. Further, 
EPIC processors may include other heuristics and logic that 
may be monitored and perturbed in accord With the teach 
ings herein, so as to enhance processor performance. 

[0025] More particularly, FIG. 2 illustrates hoW instruc 
tions may be processed through processor architecture 10. 
An initial program thread commences at step 102. Instruc 
tions of the thread are issued as bundles, at step 104, and 
then simultaneously processed on tWo or more instruction 
paths (each With differing heuristics), at step 106. The 
assessment logic monitors processing of the bundles through 
the instruction paths, at step 108, until it determines that one 
particular instruction path is a leader, at step 110. If a lead 
instruction path is determined, a branch on YES(1) may 
occur and the other instruction paths are synchroniZed With 
the heuristics of the lead instruction path, at step 112. 
Advancing beyond step 110 may delay, as a matter of design 
choice, in order to asymptotically de?ne better and better 
optimiZing heuristics. After step 112, processing of the 
program thread then continues at step 114, Without redun 
dancy, through multiple instruction paths and preferably 
Without interruption of processing Within the lead instruction 
path. 

[0026] If a neW thread emerges, at step 116, instructions 
are optionally fetched and issued, again, as in step 102, 104 
to again determine optimiZed heuristics for the multiple 
instruction paths. Processing otherWise may continue along 
the NO(1) branch to continue processing of the instructions 
in a common thread. 

[0027] Optionally, instead of branching from step 110 to 
YES(1), a branch to YES(2) may advance. That is, instead 
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of synchronizing the heuristics of other instruction paths to 
the heuristics of the lead instruction path, the process 
continues, at step 111, by modifying all, or nearly all, of the 
heuristics of the multiple instruction paths so as to incre 
mentally ?ne tune the heuristics for all paths; such modi? 
cation may for example include modifying these heuristics 
With characteristics similar to the lead path heuristics. A 
branch to step 111 could also occur after step 112, such as 
after a preset time period and before another thread is 
detected, as indicated by the NO(2) branch from step 116 to 
step 111. 

[0028] Incremental advances accorded by step 111 Will 
incrementally shorten the dynamic execution path length, 
such as shoWn in FIG. 3. In FIG. 3, dynamic execution path 
length is illustratively plotted over time. At time 0, process 
ing begins such as at step 108. At time 150, the heuristics of 
other instruction paths are updated With the heuristics of a 
lead instruction path, as in step 112. Continued modi?cation 
of the heuristics of certain paths betWeen time 150 and time 
160, based on leading heuristics (e.g., as discussed in 
connection With step 111, FIG. 2), may further reduce the 
dynamic execution path length to de?ne neW lead heuristics, 
as shoWn. By again modifying the heuristics at time 160 to 
the lead instruction path, and such as described in connec 
tion With step 112, FIG. 2, the path length may again 
decrease, as shoWn. In this manner, the invention may 
asymptotically approach the ideal processing heuristics for a 
given program thread to enhance per thread performance. 

[0029] With further regard to FIG. 1, processor architec 
ture 10 may therefore process instructions as described in 
connection With FIG. 2 and FIG. 3. Logic 50 monitors 
progress of like instructions along paths 12 and makes 
appropriate decisions to sWitch to different heuristics to 
provide enhanced performance. Effectively, the processing 
of like instructions is speculative since it is uncertain 
Whether an architected state Will result from any path. 
Processing of like instruction bundles through paths 12 is 
similar to a race; during the race the several paths process a 
range of speculative data, and the lead path With the best 
heuristics Wins the race, and its thread may become an 
architected state. When a decision is made that one path is 
a leader, the other instruction paths are stalled and reallo 
cated With improved heuristics, and processing of other 
threads may commence. Processing of like bundles through 
paths 12 may occur on tWo or more paths; for example, 
processing of the like bundles may occur on three paths 12, 
each With different heuristics; the tWo non-leading paths 
may be reallocated With different heuristics to improve 
processing of other bundles; the lead path is preferably not 
affected and continues processing. These paths may also be 
restarted With the same thread by backing up the program 
counter and reallocating all three heuristics, to asymptoti 
cally approach the ideal heuristics for all instruction paths. 

[0030] The modi?cation of heuristics 24, 28, 32 may take 
several forms. For example, logic 50 may randomiZe these 
heuristics to isolate the optimal characteristics for a given 
thread. 

[0031] The invention thus attains the objects set forth 
above, among those apparent from the preceding descrip 
tion. Since certain changes may be made in the above 
methods and systems Without departing from the scope of 
the invention, it is intended that all matter contained in the 
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above description or shoWn in the accompanying draWing be 
interpreted as illustrative and not in a limiting sense. It is 
also to be understood that the folloWing claims are to cover 
all generic and speci?c features of the invention described 
herein, and all statements of the scope of the invention 
Which, as a matter of language, might be said to fall there 
betWeen. 

What is claimed is: 

1. A method for optimiZing the processing instructions 
through a processor, comprising the steps of: 

(A) processing ?rst like instructions through tWo or more 
instructions paths of the processor, each of the paths 
having different heuristics associated thereWith; 

(B) monitoring progress of the ?rst like instructions 
through the instruction paths; 

(C) determining Which of the instruction paths is a ?rst 
leader in processing the ?rst like instructions; and 

(D) modifying heuristics of one or more of the instruction 
paths based on heuristics of the ?rst leader. 

2. A method of claim 1, further comprising grouping the 
?rst like instructions as a bundle from a common program 
thread. 

3. Amethod of claim 1, the step of modifying comprising 
modifying heuristics of each of the instruction paths. 

4. Amethod of claim 1, the step of modifying comprising 
modifying heuristics of instruction paths other than heuris 
tics of the leader. 

5. A method of claim 1, further comprising processing the 
?rst like instructions through the leader Without being 
affected by the step of modifying. 

6. A method of claim 1, further comprising processing 
additional instructions from a program thread of the ?rst like 
instructions through the multiple instruction paths and With 
out redundancy. 

7. A method of claim 1, further comprising: 

processing second like instructions through tWo or more 
instructions paths of the processor, each of the paths 
having different heuristics associated thereWith; 

monitoring progress of the second like instructions 
through the instruction paths; 

determining Which of the instruction paths is a second 
leader in processing the instructions; and 

modifying heuristics of one or more of the instruction 
paths based on heuristics of the second leader. 

8. Amethod of claim 1, the step of modifying comprising 
modifying one or more of CPU-bound heuristics and 
memory-bound heuristics. 

9. Amethod of claim 1, the step of modifying comprising 
modifying heuristics based upon one or more of branch 
prediction and prefetch heurisitcs. 

10. A method of claim 1, further comprising repeating 
steps (A)-(D) for modi?ed heuristics Within multiple instruc 
tion paths to asymptotically approach optimiZed character 
istics for the instruction paths. 
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11. Aprocessor for processing program instructions, com 
prising: 

at least tWo parallel instruction paths, each of the paths 
having an array of pipeline execution units and asso 
ciated heuristics affecting hoW the instructions are 
processed therein; and 

assessment logic for monitoring processing of the instruc 
tions Within the paths and for modifying the heuristics 
of at least one of the paths to improve per thread 
performance of the processor. 

12. A system of claim 11, the heuristics of each of the 
instruction paths having one or more of fetch heuristics, 
execution heuristics, and cache heuristics. 

13. A system of claim 11, the tWo parallel instruction 
paths comprising parallel core processors on a common die. 

14. A system of claim 11, the parallel instruction paths 
constructed and arranged to initially process ?rst like 
instructions therethrough, the assessment logic monitoring 
the processing of the ?rst like instructions to determine 
optimiZed heuristics for the instruction paths. 

15. A system of claim 14, the parallel instruction paths 
constructed and arranged to subsequently process different 
instructions therethrough to improve per thread processing 
performance. 

16. A system of claim 14, the parallel instruction paths 
constructed and arranged to subsequently process second 
like instructions therethrough, the assessment logic moni 
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toring the processing of the second like instructions to 
determine optimiZed heuristics for the instruction paths. 

17. A system of claim 11, each of the parallel instruction 
paths forming a cluster constructed and arranged to process 
instructions as bundles. 

18. Asystem of claim 11, the parallel instruction paths and 
assessment logic cooperating to process one or more bundles 
of like instructions through the instruction paths to monitor 
and then modify heuristics of the instruction paths to 
improve per thread processing of the instructions. 

19. In a processor of the type having at least tWo parallel 
instruction paths, each of the paths having an array of 
pipeline execution units and associated heuristics affecting 
hoW the instructions are processed, the improvement com 
prising: 

assessment logic for monitoring processing of the instruc 
tions Within the paths and for modifying the heuristics 
of at least one of the paths to improve per thread 
performance of the processor. 

20. In a processor of claim 19, the further improvement 
Wherein the parallel instruction paths are constructed and 
arranged to initially process ?rst like instructions there 
through, the assessment logic monitoring the processing of 
the ?rst like instructions to determine optimiZed heuristics 
for the instruction paths. 


